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a  b  s  t  r  a  c  t
Zn1−xFexO  (x  =  0.02,  0.04, 0.06,  0.08, 0.10)  powders  have  been  synthesized  by  sol–gel  approach  from  Zn
nitrate  and  Fe  nitrate  reduced  by  citrate.  Their  structural  and  optical  properties  have  been  investigated
by  X-ray  diffraction  (XRD),  Raman  spectra  and  photoluminescence  (PL), respectively.  XRD  shows  that
Zn1−xFexO  samples  are single  phase  with  the  ZnO  wurtzite  structure  as  the  Fe content  is no  more  than  2%,
while  when  Fe  concentration  reaches  4%, a  secondary  phase  ZnFe2O4 is  observed.  Raman  results  showeywords:
emiconductors
n1−xFexO
ol–gel processes
hotoluminescence
that  the  crystalline  quality  become  worse  with  increasing  of  Fe concentration.  PL  spectra  demonstrate
that  plenty  of  oxygen  vacancy  (VO)  defects  exist  in  the  material.  Superconducting  quantum  interference
device  (SQUID)  shows  room  ferromagnetic  behavior  of sample  Zn0.98Fe0.02O  at  300  K, while  with  the
increasing  of  Fe  content,  ferromagnetism  behavior  disappears.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
agnetic property
. Introduction
In the past two decades, diluted magnetic semiconductors
DMSs) have been investigated widely because of its potential
pplications in semiconductor spin electronics [1–4]. They were
sually obtained by introducing transition metal atoms (TM: Fe, Co,
i, Mn,  Cr, etc.) into semiconductors. Recently, transition metals
oped ZnO has attracted considerable attention since theoreti-
al calculation predicted that ZnO:TM with p-type conductivity
an show ferromagnetic behavior with a Curie temperature (TC)
bove room temperature [5]. Speciﬁcally, ZnO has been identiﬁed
s a promising host material due to its wide band gap (3.37 eV),
igh exciton banding energy (60 meV), excellent mechanical prop-
rty, cheap and environmentally safe. Therefore, many researchers
ave paid lot of attentions to ZnO based diluted magnetic material
6–8].At present, there are lot of techniques have been used to prepare
nO based DMS material, such as magnetron sputtering, sol–gel,
olid state reaction, pulsed laser deposition and hydrothermal
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Open access under CC BY-NC-Nsynthesis. And many types of metals have been doped into ZnO to
get high temperature ferromagnetic material, such as Fe, Co, Mn,
Ni, etc. So far, many groups have synthesized ZnO DMSs with Curie
temperature higher than 300 K. For example, Liu et al. [9] have
reported that ZnO had a TC of 448 K by 3.8% Co doping using DC
co-sputtering. Mn-doped ZnO hollow nanospheres also exhibited
ferromagnetic behavior at room temperature [10]. Reviewing
recent experimental work, it was  not hard to see that most studies
were performed with Mn  and Co-doped ZnO as shown above. In
contrast, the Fe-doped ZnO material is more difﬁcult to get high
Curie temperature, due to its low solubility and phase separation.
Wei  et al. [11] have prepared room temperature ferromagnetic
ZnO:Fe ﬁlms, while it was found that the ferromagnetic property
came from the Fe local structure by heavy doping, not its native
behavior. Wang et al. [12] got bulk ZnO:Fe with room temperature
ferromagnetic property by Co-precipitation method. However, a
second phase ZnFe2O4 appeared when the Fe-doped concentration
over 2%, which affected the moment slightly due to its antifer-
romagnetic property. What’s more, ZnO:Fe nanowires has been
synthesized by electro-codeposition in anodic aluminum oxide
(AAO) membranes. Micro-superconducting quantum interference
device (SQUID) shows that the nanowire arrays exhibit both room
temperature (300 K) ferromagnetic and anisotropic ferromagnetic
behavior which may be a consequence of the easy magnetization
direction along the wire axes and magnetostatic interaction [13].
Although lots of researches on the Fe-doped ZnO DMSs, the origin
of its magnetism property still not clear. Therefore, it is necessary
to understand the ferromagnetic property of ZnO:Fe material.
D license.
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oig. 1. XRD patterns of samples Zn1−xFexO (x = 0.02, 0.04, 0.06, 0.08, 0.10). The inset
raph shows the dependence of lattice parameter a and c in Fe doped ZnO on the Fe
oncentration.
Sol–gel method is a simple and effective doping method. It can
asily dope the transition metals into the ZnO lattice. In this paper,
n1−xFexO (x = 0.02, 0.04, 0.06, 0.08, 0.10) powders has been pre-
ared by sol–gel method using Zn nitrate and Fe nitrate diluted
y citrate. And the structural, optical and magnetic properties as a
unction of Fe concentration have been investigated as well.
. Experimental
Zn nitrate [Zn(NO3)2·6H2O] and Fe nitrate [Fe(NO3)3·9H2O]
ere dissolved into citric acid [C6H8O7] while stiring. Xerogel was
btained when the solution was dried at 80 ◦C. Keeping the xerogel
t 130 ◦C for 12 h, a reticular substance was obtained, which will be
rinded to powders in agate mortar. The powder was Sintered at
50 ◦C for 9 h under air atmosphere. This process can mix  the chem-
cals at atomic level thus reducing the possibility of undetectable
mpurity phase [14]. Here, samples Zn1−xFexO (x = 0.02, 0.04, 0.06,
.08, 0.10) with different Fe contents were prepared.
Structural characterization of Zn1−xFexO was performed by
-ray diffraction (XRD) on D/max-2500 copper rotating-anode
-ray diffractometer with Cu K radiation, Optical properties of
hese samples were studied by photoluminescence (PL) using a
e–Cd laser (325 nm)  as an excitation source at room temperature.
aman spectra of these samples were also investigated using Ar+
aser (541.5 nm)  as excitated source (Jobin Yvon, France). Magnetic
ysteresis loops of Zn1−xFexO (x ≤ 0.08) were measured by a super-
onducting quantum interference device magnetometer (Quantum
esign, MPMS  XL-7, United States).
. Results and discussion
Fig. 1 shows the XRD patterns for Zn1−xFexO powders doped
ith various concentrations of Fe dopant. Pure wurtzite structure
f ZnO was obtained when Fe constant is at 2% within the sensitiv-
ty of XRD. While, when Fe content x is over 4%, the samples show
 co-existence region of the dominant hexagonal Zn1−xFexO and
 minor spinel phase ZnFe2O4, which was marked by solid circles
n XRD patterns. With the increasing of Fe content, the diffraction
eak from ZnFe2O4 became clearer. For example, there are a group
f diffraction peaks of (2 2 0), (3 1 1), (4 0 0), (4 2 2) and (4 4 0) of
nFe2O4 have been detected in sample Zn0.9Fe0.1O, as shown in
ig. 1. This result conﬁrmed that the solubility of Fe in ZnO was
ery low and Fe nanoclusters or Fe oxides can be easily formed in
e doped ZnO samples [15]. In addition, because of the formation
f second phase ZnFe2O4, it can be deduced that the Fe3+ wasFig. 2. Raman spectra of Zn1−xFexO (x = 0.02, 0.04, 0.06, 0.08, 0.10) powders at room
temperature.
introduced into ZnO crystal lattice substituting Zn2+. It can be also
seen that the position of ZnO (0 0 2) diffraction peak varied with the
variation of Fe concentration. The 2 degrees are 34.404, 34.413,
34.412, 34.354 and 34.438 with the different Fe content. Based on
the Bragg Theory: 2d sin  = , the lattice constants a and c from
wurtzite ZnO with Fe concentration can be calculated as displayed
in inset graph of Fig. 1. It is not hard to see that the lattice parameter
both a and c decreased with the increasing of Fe content except
sample Zn0.92Fe0.08O. As known that the radius of Fe3+ (0.064 nm)
is smaller than Zn2+ (0.074 nm)  [16], the lattice dimension a and
c could decrease with the increasing of Fe content resulting in the
smaller unit cell. This result was  quite different from what Lin et al.
obtained [17] that the Fe2+ substituted Zn2+ into ZnO crystal lattice
resulting in the unit cell larger. Furthermore, as we  know, the
lattice parameter is not only relevant to doping, but also relevant
to crystalline quality (including the lattice distortion and stress).
The lattice parameter for the 8% Fe doped sample was lager than
the other samples, it possible resulted from the lattice distortion
and stress.
Fig. 2 shows the Raman spectra of Zn1−xFexO (x = 0.02, 0.04, 0.06,
0.08, 0.10) powders under 514.4 nm excitation at room temper-
ature. Wurtzite ZnO belongs to the space group C46v(P
6
3mc), with
two formula units in the primitive cell. Group theory predicts the
existence of the following optic modes: A1 + 2B1 + E1 + 2E2 at the
G point of the Brillouin zone, where, A1, E1 and E2 are the ﬁrst
order Raman active modes and B1 is forbidden. For bulk single-
crystal ZnO, the two peaks at 332.3 and 437.1 cm−1 are ascribed to
the multiple-phonon scattering process [18] and E2 (high) mode,
respectively. For comparison, the Raman spectrum of pure ZnO
powder was  measured, which was  not shown here. In order to see
the shift of vibration peak clearly, the peak positions for all the
samples were listed in Table 1. For pure ZnO, six normal modes are
obtained at 101, 204, 381, 411, 438 and 584 cm−1corresponding
to Elow2 , 2E
low
2 , A
TO
1 , E
TO
1 , E
high
2 and E
LO
1 , respectively. Apart from the
normal vibration modes of ZnO, two addition optical modes were
also observed at 332(I1) and 537(I2) cm−1, which are attributed to
multiple-phonon scattering considering two processes. The I1 and
I2 modes are identiﬁed as (E
high
2 − Elow2 ) and (E
high
2 + Elow2 ), respec-
tively. For Fe-doped ZnO powders, the normal vibration modes
of ZnO were observed as well as a new peak at 122 cm−1, which
may  result from the embedding of Fe. The vibration modes moved
to lower frequency shift with the increasing of Fe concentration,
which is caused by the crystalline distortion by the Fe introducing.
In order to investigate the crystalline quality, full-width at half-
maximums (FWHM) of the Ehigh2 phonon modes of the Zn1−xFexO
(x = 0.02 and 0.04) were labeled in Fig. 2. The FWHM values for
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Table 1
Vibration modes and positions for pure and various Fe-doped ZnO powders.
Sample Vibration mode
Elow2 2E
low
2 E
high
2 − Elow2 A1T E1T E
high
2 E
high
2 + Elow2 E1L
Pure 101 204 332 381 411 438 537 584
0  0 2 120 202 332 437 532 580
0  0 4 121 201 325 433 529 569
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c0  0 6 122 199 319 
0  0 8 120 194 322 
0  1 0 121 321 
n0.96Fe0.04O and Zn0.98Fe0.02O are 16.74 and 9.23 cm−1, respec-
ively. When the Fe content reaches 6% and 8%, the FWHMs  are
1.18 and 20.62 cm−1. It is clear that the FWHM of E2 peak became
ider with the increasing of Fe concentration, indicating the degra-
ation of Zn1−xFexO crystalline quality. Furthermore, from Table 1,
he position of representative phonon mode Ehigh2 shift to lower fre-
uency with the increase of Fe concentration, it could be attributed
o the structure distortion caused by Fe doping.
The PL spectra of Zn1−xFexO powders with different Fe concen-
ration at room temperature have been shown in Fig. 3. It can be
een that PL spectra of all the samples are composed of two emis-
ion bands, UV centered at about 390 nm and visible centered at
bout 535 nm,  which was very similar to bulk ZnO. Generally, in
he PL spectra of ZnO material, a typical near-band-edge (NBE) UV
mission at around 380 nm can be observed, which was attributed
o exciton recombination correlative to the crystal quality [19,20].
owever, for those Fe-doped ZnO powders, the UV emission is
t around 390 nm,  which has a red shift compared to bulk mate-
ial. This can be caused to the crystal distortion as obtained from
aman results. In addition, ZnO have different emissions in the
isible range (violet, blue, green, yellow and orange–red) which
re associated with different defects in the material. But the ori-
in of visible emission is highly controversial. The blue emission
t around 420 nm was attributed to transition of electron from the
inc interstitial defect level to the valence band [21–23] and yel-
ow was to Oi [24]. The most common observed green emission is
sually attributed to singly charged oxygen vacancy (V+0 ) [25,26],
urface center [27,28], and oxide antisite defect (OZn) [29], and so
n. The strong visible emission observed demonstrated that the
amples have considerable defects, which were often induced by
he introduction of impurity into semiconductor. Moreover, with
he increasing of Fe concentration, the intensity of visible emission
ecame weaker, and then be stronger, which was corresponding to
ig. 3. PL spectra of Zn1−xFexO powders with different Fe concentration at room
emperature. The inset shows the ratio of UV peak intensity and visible with Fe
ontent.429 561
428 560
426
UV peak. The ratio of UV peak intensity to visible is an important
parameter for investigating the optical property of ZnO. To show it
clearly, the variation of peak ratio IUV/Ivis was plot in Fig. 3(b). It can
be seen that the sample with 4% Fe doped has the biggest IUV/Ivis,
indicating the best optical property. The IUV/Ivis value depends on
the competition of luminescence center involving ultraviolet and
visible light, the augment of IUV/Ivis value indicate that the lumi-
nescence efﬁciency is enhanced obviously. In this paper, the 4%
Fe sample gives the highest IUV/Ivis value, which indicates that
the appropriate Fe doping in ZnO powder can improve the exci-
ton recombination probability consistent with the report [30,31]. It
may  results from the formation of shallow energy level in band gap
due to Fe doping. With the increase of Fe atom, the appearance of
non-ZnO material destroys ultraviolet emission. Here, the Fe doped
ZnO powders were annealed at air ambient, resulting in oxygen
deﬁcient in ZnO crystal. Therefore, the visible emission probably
related to the defect of oxygen vacancy, and it can be clear that the
samples have plenty of oxygen vacancies.
The magnetic properties of the Fe doped ZnO powders are
investigated. Fig. 4 shows the magnetic hysteresis loop at room
temperature for sample Zn0.98Fe0.02O. As shown that hysteretic
behavior is clear, consistent with ferromagnetism. Therefore, the
Curie temperature of sample Zn0.98Fe0.02O could be above 300 K.
Normally, the origin of ferromagnetic property for DMSs can be
contributed from three conditions: (1) second phase related to
metal oxides; (2) metal clusters with ferromagnetic property; (3)
intrinsic effect of DMSs. Firstly, the metallic Fe couldn’t be the
source of this ferromagnetism as it wasn’t detected by the XRD mea-
surement. In addition, Fe oxides were also not observed based on
the XRD results for the sample Zn0.98Fe0.02O. Therefore, we suspect
that the origin of the observed ferromagnetic order in the Fe doped
ZnO powders can be explained using the carriers-mediated mech-
anism, or more speciﬁcally, by the RKKY type exchange mediated
by the conduction carriers [32]. The conductive carriers in ZnO can
come from the native defect-oxygen vacancy, which is indicated
from PL results. With the increasing of Fe concentration (x ≥ 0.04),
Fig. 4. Magnetic hysteresis (M–H) loop of Zn0.98Fe0.02O at 300 K under 6KOe.
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[ig. 5. Magnetic hysteresis (M–H) loops of Zn1−xFexO at 2 K under 7 T; the inset
hows its enlargement view at the origin.
he sample Zn1−xFexO exhibited paramagnetic property at 300 K,
he M–H  loops of other samples were omitted here. In order to
nvestigate the effect of magnetism on the Fe doping, the M–H  loops
f samples ZnxFe1−xO (x = 0.02, 0.04, 0.06 0.08) at 2 K have been car-
ied out, as shown in Fig. 5. It can be seen that the coercive ﬁeld and
aturation magnetizations were enhanced with the increase of Fe
ontents. This phenomenon should be investigated furthermore to
nderstand it.
. Conclusions
Zn1−xFexO (x = 0.02, 0.04, 0.06, 0.08, 0.10) powders have been
uccessfully prepared by sol–gel technique. Structural, optical and
agnetic properties have been investigated by XRD, Raman, PL and
–H, XRD results demonstrated that the sample Zn0.98Fe0.02O had
ure hexagonal wurtzite structure while with the increasing of Fe
ontent, the second phase ZnFe2O4 with spinel structure appeared.
e3+ was introduced into ZnO lattice substituting Zn2+. PL mea-
urement shows both ultraviolet and visible emission, and there
s a red shift of ultraviolet peak which causes by the introduction
f Fe atoms. Raman spectra show that the crystalline quality of
n1−xFexO powders become worse with the increasing of Fe con-
ent, corresponding to the wider of FWHMs  of E2(high) mode. Also,
L results demonstrated that many oxygen vacancies existed in
nO. Room temperature ferromagnetic behavior had been observed
n sample Zn0.98Fe0.02O. However, with the increase of Fe dopant,
he ferromagnetic property disappeared.
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